The activity of membrane-bound RNA-dependent RNA polymerase in tobacco mesophyll protoplasts was measured and in vitro products were characterized after inoculation with cucumber mosaic virus (CMV) or with different combinations of the four virus RNAs and satellite RNA. Activity increased rapidly 4 to 6 h after inoculation with virus particles. When the inoculum contained RNA 1, RNA 2 and RNA 3, most of the in vitro products of the enzyme were full-length positive-sense RNAs (RNAs 1, 2, 3 and 4) that migrated as dsRNA; inoculation ofRNA 1 or RNA 2 alone did not increase RNA polymerase activity and no virus RNA was produced. After inoculation with a mixture of RNA 1 and RNA 2, however, the enzyme activity increased and full-length positive-sense RNA 1 and RNA 2 were synthesized, and we speculate that the induced enzyme is CMV RNA replicase as a complex comprising the translation products of RNA 1 and RNA 2, membrane components of the host cell and CMV RNA templates. Protoplasts inoculated with RNA 1, RNA 2 and RNA 4 did not synthesize RNA 4 which suggests that positive-sense RNA 4 does not serve as a template for the replicase complex. Satellite RNA was synthesized in protoplasts inoculated with RNA 1, RNA 2 and satellite RNA which suggests that satellite RNA is replicated by the replicase complex.
98-9 4153 * U.v+-inactivated CMV RNA was added when necessary to adjust the total RNA concentration in the inocula to 0-27 to 0.30 ~tg/ml.
t With fluorescein isothiocyanate-labelled anbtibody. :~ Activity (32p) measured after spotting 3 Ixl of the assay mixture on a Whatman DE-81 filter disc. Nassuth & Bol, 1983; Kiberstis et al., 1981) . These observations strongly suggest that RNAs 1 and 2 of viruses having tripartite genomes encode essential information for viral RNA replication.
We have examined the induction of M-RDRP activity in tobacco mesophyll protoplasts after inoculation with RNA 1 and RNA 2, and conclude that the expression of RNAs 1 and 2 results in the formation of M-RDRP. Furthermore, M-RDRP was responsible for replication of CMV type Y satellite RNA.
Virus RNAs of CMV-Y and its satellite RNA were prepared as described by Takanami (1981) . RNA 4 and satellite RNA were isolated by two or three cycles of sucrose density gradient centrifugation (Takanami & Fraenkel-Conrat, 1982b) . A mixture of RNAs 1 and 2 and RNA 3 were fractionated by one or two cycles of centrifugation followed by electrophoresis in preparative composite gels of 2-4~ polyacrylamide and 0-4~ agarose, and recovery by electroelution (Maniatis et al., 1982) . The recovered RNA preparations were further purified by sucrose density gradient centrifugation. RNA 1 and RNA 2 were separated by two or three cycles of preparative gel electrophoresis and electroelution. Independently, each fractionated sample had little infectivity for tobacco protoplasts (Table 1) .
Isolation, inoculation and incubation of tobacco mesophyll protoplasts were essentially as described by Takanami et al. (1977) except that inocula comprised 1 txg/ml CMV, 0-6 ~tg/ml polyethyleneimine (Polymin P: Bethesda Research Laboratories), 3 x 105/ml protoplasts and 10 raM-potassium citrate buffer pH 5.5 or 0.27 to 0-30 ~tg/ml CMV RNA, 0-7 Ixg/ml polyethyleneimine, 3 × 105/ml protoplasts and 25 mM-potassium phosphate buffer pH 5.0. The concentration (~tg/ml) of each RNA in the inocula are shown in Table 1 . A portion of each sample was incubated for 20 h after inoculation and stained with fluorescent antibody to CMV (Otsuki & Takebe, 1973) to score the percentage of protoplasts synthesizing coat protein.
M-RDRP and S-RDRP were prepared as follows. Cultured protoplasts were harvested, washed with sterile 0-6 M-D-mannitol and resuspended in 600 ~tl of 50 mM-Tris-HC1 pH 8-0, 0.3 M-D-mannitol, 0" 1 M-NH+CI, 1 mM-EDTA and 90 mM-2-mercaptoethanol, and then ruptured by passage several times through a hypodermic syringe needle (Nishimura et al., 1976) . After centrifugation at 600 g for 5 rain, to remove nuclei and chloroplasts, the suspension was centrifuged at 20000 g for 20 rain. The pellet was resuspended in 30 ~tl of 20 mM-Tris-HC1 pH 8-0, 0.1 M-NH+CI, 1 mM-EDTA, 0-1 mM-dithiothreitol (DTT) and 15 ~o glycerol and is referred to as the M-RDRP fraction. The supernatant fraction is referred to as the S-RDRP fraction. Both fractions were stored frozen at -80 °C.
The assay for RNA-dependent RNA polymerase assay was essentially according to Ikegami & Fraenkel-Conrat (1979) . The standard reaction mixture (final volume 34-3 ~tl) contained 50 mM Tris-HC1 pH 8.0, 5 mM-MgCIz, 20 mM-(NH4)2SO+, 7.5 mM-DTT, 70 ~tg/ml actinomycin D, Extraction of product RNA synthesized in vitro by M-RDRP was as follows. Before the reaction, NP40 (1 ~ final) was added to the M-RDRP fraction which was then stirred on ice for more than 1 h to enhance the activity (data not shown). In some experiments the reaction mixture was scaled up to a final volume of 113 ~tl and [~-32p]GTP (3000 Ci/mmol; Amersham) was used instead of [8-3H]GTP. Forty minutes after initiation of the reaction, 70 nmol of unlabelled GTP was added as a chase (Jaspers et al., 1985) . After the reaction, the mixture was deproteinized by phenol-chloroform extraction, and RNA was precipitated by adding ammonium acetate to 2.5 M (which was essential to remove labelled GTP) and 2.5 vol. ethanol. The RNA sample was dissolved in 30 ~tl distilled water and used for agarose gel electrophoresis or RNA-RNA hybridization tests.
M-RDRP activity in CMV-infected protoplasts increased rapidly 4 to 6 h after inoculation, which was before progeny CMV had appeared, and reached a maximum about 10 h after inoculation (Fig. 1) . Addition of CMV RNA as a template did not enhance the activity. This result is similar to that with M-RDRP activity from CMV-infected tobacco leaves (Takanami et al., 1984) and to that with the bound RNA polymerase activity in BMV-infected barley protoplasts (Okuno & Furusawa, 1979) . S-RDRP activity was very low and remained almost unchanged until 48 h after inoculation. These results suggest that M-RDRP activity in CMVinfected protoplasts is involved in CMV RNA replication. In further experiments we used tobacco protoplasts infected for 10 h to prepare the M-RDRP fraction and omitted the CMV RNA previously added as a template in the enzyme assay.
Protoplasts were inoculated with various mixtures of CMV RNAs and the activities of M-RDRP obtained from them are shown in Table 1 . In vitro 32p-labelled products of the M-RDRP fraction were electrophoresed under native or denaturing conditions and autoradiographed (Fig. 2 a, b) . When inocula contained a mixture of RNA 1 and RNA 2 (RNA 1 + 2) and RNA 3, (Fig. 2, lanes 2 and 3) . In contrast, inoculation with R N A 1 + 2 induced a high level of M -R D R P activity, although very few protoplasts made coat protein because only 0-9~ were stained with fluorescent antibody, presumably due to a small amount of contaminating R N A 3 in the inoculum. In vitro products comigrated with d s R N A s 1 and 2 under native conditions but mainly with s s R N A s 1 and 2 in denaturing conditions (Fig. 2 , lanes 4). RNase treatment in 2 x SSC (SSC is 0.15 M-NaC1, 0-015 M-sodium citrate p H 7) did not alter the electrophoretic behaviour of these products; no bands were detected after treatment with RNase in 0.1 x SSC (data not shown). When protoplasts were inoculated with R N A 1 + 2 and R N A 4, the M -R D R P activity was as high as that after inoculation with R N A 1 + 2 but the products contained only R N A s 1 and 2 in double-stranded form and no R N A 4 (Fig. 2, lanes 6 ). This result demonstrates that positivesense R N A 4 does not serve as a template for M-RDRP.
When protoplasts were inoculated with unfractionated R N A s and satellite R N A , the in vitro products of the M -R D R P contained the four CMV R N A s and satellite R N A in double-stranded form (Fig. 2, lane 8) . Compared to this complete inoculum with satellite R N A , M -R D R P prepared from protoplasts inoculated with R N A 1 + 2 and satellite R N A synthesized products in vitro which comigrated with satellite d s R N A or d s R N A s 1 or 2 under native conditions and with s s R N A s 1 and 2 or ss satellite R N A under denaturing conditions (Fig. 2, lanes 7) . This result suggests that satellite R N A is replicated by M -R D R P induced by inoculation with R N A s 1 and 2. Fig. 2 also shows that satellite RNA suppressed the synthesis of helper CMV RNAs to some extent, especially that of RNAs 1 and 2 (compare lanes 4 and 7 or 5 and 8). It is possible that satellite RNA competes with viral RNAs for replicase binding. This competition may cause the disease attenuation that occurs in some plants infected with CMV when satellite RNA is present (Mossop & Francki, 1979; Takanami, 1981; Gonsalves et al., 1982) .
The polarity of the products was examined by an RNA-RNA hybridization test essentially according to Ikegami & Fraenkel-Conrat (1979) using CMV RNA and tobacco mosaic virus (TMV) RNA as competitors. The 32p-labelled products were synthesized in vitro by M-RDRP fractions from protoplasts inoculated with unfractionated RNAs, RNA 1 + 2 and RNA 3, or RNA 1 + 2. After treatment with RNase in 2 x SSC, samples were denatured at 100 °C for 5 min, quickly cooled and allowed to reanneal in 2 x SSC. They reannealed to 44 to 69% in the absence of competitor or when mixed with TMV RNA but the addition of an excess amount of CMV RNA (positive strand) decreased reannealing to 4 to 14%. This suggests that most of the radioactive products of M-RDRP are CMV positive-sense RNAs. M-RDRPs induced by inoculation with either the RNA 1 + 2 mixture and RNA3 or RNA 1 + 2 alone therefore seemed to be essentially identical. M-RDRP activity seems to catalyse continuous positive strand elongation on replicative intermediate (RI) CMV RNAs and the catalytic process presumably terminates when RI is converted to the replicative form.
S-RDRP is a host-encoded protein and its activity is greatly enhanced upon CMV infection in tobacco and cucumber leaves, though its significance in virus RNA replication is obscure (Takanami & Fraenkel-Conrat 1982a) . Our results show that S-RDRP activity is not enhanced in tobacco protoplasts infected with CMV and argue against its involvement in virus RNA replication. In contrast, M-RDRP seems to be closely related to the translation products of CMV RNA 1 and RNA 2 and we speculate that M-RDRP is the CMV RNA replication complex which comprises these translation products, membrane components of the host cell and the CMV RNA template. Interestingly, sequence features thought to be characteristic of RNAdependent polymerases (Kamer & Argos, 1984) have been found in the predicted translation product of CMV-Q RNA 2 (Rezaian et al., 1984) . Jaspars et al. (1985) reported that a particulate fraction from CMV-infected cucumber cotyledons synthesized a large amount of small heterogeneous RNA in addition to doublestranded forms of the four CMV RNAs, and suggested that the synthesis of high and low Mr RNAs were intrinsically connected. However, our M-RDRP did not synthesize any such small RNAs (Fig. 2) .
